Additional examples of double-nanopore events
. Examples of double-nanopore trapped events recorded using a system of two 15 nm-diameter nanopores separated by 280 (top) and 800 (bottom) nm. Figure S2 . Examples of double-nanopore trapped events recorded using circular λ-DNA in a system of two 15 nm-diameter nanopores separated by 280 nm. The maximum extension of the circular DNA molecule (8 μm) is half that of its linearized variant. The ionic current blockades produced by circular DNA in individual nanopores double those produced by linearized (unfolded) DNA. The double-nanopore trapped event current level using circular DNA thus is four times the blockade level produced a single dsDNA strand in one nanopore. Figure S3 . Duration of the ending signature of double-nanopore events (i.e., the brief singleblockade-level right before the final escape) as a function of distance between nanopores in a double-nanopore system. The end-signature duration increases with increasing pore-to-pore distance, as the latter increases the length that the lagging end of the DNA molecule has to traverse before exit. indicates a 1/L slope.. The 1/L dependence of the escape velocity on distance suggests nonspecific interactions between the DNA and the membrane surface where the friction force increases linearly with DNA-surface interaction length.
Characteristics of the end signatures of double-nanopore events

Coarse-grained MD simulations
The coarse-grained MD simulations were performed using a custom version of NAMD2 1, 2 .
Each ensemble simulation contained 2000 replicas in the double-nanopore trapping study and 200 replicas in the translocation control study. Each simulation system contained a 150-nucleotide ssDNA molecule described using our two-beads-per-nucleotide coarse-grained model 2 To set up initial conditions for DNA trapping simulations, one end of the DNA molecule was threaded through one of the nanopores. The terminal bead of the threaded end was restrained to remain at the center of the trans side exit of the nanopore. 2000 copies of the system were equilibrated for 300,000,000 simulation steps each (2.4 ms scaled time), producing 2000 random conformations of the polymer. During the equilibration, the terminal three beads threaded through one of the two nanopores were subject to a cap grid potential (defined to have values of 11.7 kcal/mol at the cis region and 0 kcal/mol at the trans region and inside the nanopore) that prevented that end of the DNA molecule from escaping the nanopore; a 10 pN force pointing toward +z direction (the cis region) was applied to any bead of the DNA molecule that entered the volume of the other pore, preventing accidental double-nanopore trapping.
The double-nanopore trapping simulations were carried out starting from 2000 random conformations of DNA each having one end of the DNA threaded through one nanopore. The simulations were carried out in the presence of a grid potential that represented the effect of the transmembrane bias. Such transmembrane bias potentials were computed using the COMSOL Multiphysics program (version 4.4) for the double-nanopore geometry over a 2 Å-spaced grid; the details of the procedures are described in our previous study 4 . Subject to a transmembrane bias potential, each backbone bead of coarse-grained DNA experienced an electric force equal to the product of the local electric field and 0.25 q*, where q* is the nominal charge of a DNA nucleotide. To prevent the end of the DNA initially threaded through the nanopore from escaping, the terminal three beads at the threaded end were subjected to a cap grid potential defined to have values 11.7 and 0 kcal/mol at the cis region and inside the nanopore, respectively. The size of the cap grid was 7 x 7 x 0.3 nm 3 . The cap potential was applied only for the first 10,000,000 steps (80 μs scaled time) of each DNA capture simulation. The forces on the beads produced by the steric, transmembrane bias and cap potential grids were calculated using the grid forces feature 5 of NAMD2. Each simulation was run until the DNA fully translocated from cis to trans side of the membrane.
For the study of force-differential control over DNA escape from a double-nanopore trap, both ends of the DNA molecule were initially threaded through both pores, one of each. 6. Current blockade estimation using the model of Carlsen et al. 6 We estimated the current blockade values for single pore DNA translocations using the model published by Carlsen et al. 6 , where DNA is inserted in the middle of the nanopore. The conductance of each access region is
where is the nanopore diameter and is the conductivity of the electrolyte, which in our case was taken as 13.2 S/m (measured value) for 2M LiCl solution. Taking into account the bulk and surface conductivity contributions, the conductivity of the pore region is defined as:
where was taken as a fitting parameter close to /3 (see Ref. 7, 8 ). In our case of a 20 nm membrane it was taken as 5 nm, S is the surface charge density on SiN in LiCl solution, which was taken as 9 0.03 C/cm 2 , is cation mobility of lithium, which was taken as 4× . The total nanopore conductance can be evaluated as 8 :
The DNA blocks the access region of nanopore and also occludes volume of the nanopore.
We can calculate access and bulk conductance of the pore with DNA in it: 
Theoretical model of a blockade current
To explain the observed difference in conductance blockades that DNA produces in individual solid-state nanopores and when trapped simultaneously by the two pores, we developed a theoretical model that is schematically illustrated in Figure S8 . In this model, the space is divided into three compartments: cis, trans, and the nanopore volume. Total resistance of the system is, therefore, the sum of resistances of the compartments: Rtotal = Rcis + Rpore + Rtrans. Ionic current that flows through the pore under an applied bias U can be readily computed as I = U / Rtotal. To estimate the three components of the total resistance, we consider neutral nanopores of a cylindrical shape. In doing so we neglect the change in ion behavior near the charged membrane surfaces.
We start by noting that resistances of cis and trans compartments in the absence of The open pore resistance can be computed based on the geometrical expression for the nanopore volume resistance and access resistance in the absence of DNA ( ):
where L and S are the pore length and cross-sectional area.
To calculate resistance of the middle compartment (nanopore) in the presence of DNA,
we split the nanopore volume into thin "slabs" perpendicular to the nanopore axis, see Figure   S8b . As these slabs are connected in series (see the equivalent electrical diagram in Figure   S8c ), the overall resistance of the nanopore volume Rpore is, therefore, the sum of resistances of these slabs: = ∑ . Resistance of an individual slab can be calculated according to the definition as:
where 〈 〉 is the average conductivity, and Δl and are the thickness along the pore axis and cross-sectional area of the slab, correspondingly, see Figure S8b . To compute the average conductivity 〈 〉 of a slab, we recall that local current density can be written as:
where n, q, ⃗, and μ are number density, charge, velocity, and mobility of ions, is local conductivity of the medium, and ⃗⃗ is the local electric field. From here it follows that local conductivity at the position defined by a radius vector ⃗ can be computed as ( ⃗) = ∑ ( ⃗) ( ⃗). Therefore, average conductivity of i-th slab can be computed as:
where summation is performed across all types of ions in the solution, and integration is performed across the cross-sectional area of a slab . The only assumption we made while arriving at this expression was that local ion velocity is linearly proportional to the local electric field, i.e. ⃗ = ⃗⃗ , which should be valid for such a small species as ions. When the above expression is substituted into the expression of the resistance of a slab, cross-sectional area terms cancel out and we arrive at the following expression:
. Finally, the total nanopore resistance can be written as:
In our model, we approximate the DNA conformation inside the pore with a straight line, then used to find number density n and mobility μ for all types of ions in that bin using the profiles reported in 12 . Obtained distributions of ( ⃗) and ( ⃗) across all bins in a slab are then used to compute the integral ∫ ( ⃗) ( ⃗) numerically as
∑ ∑ ( , , ) ( , , )
. Resistance of a slab is then computed as:
The final expression for the total resistance of a nanopore with DNA can be written as: This distance is then used to determine mobility and number density of ions in that bin, which are then used to compute average conductivity of the slab. Resistance Rslab of a slab is calculated as an inverse average conductivity of a slab σ scaled by ratio of the slab's thickness Δl and its cross-sectional area S.
Verification of the theoretical model
We verified our theoretical model for two simple scenarios. First, we considered the case when no DNA was present in the nanopore, so that conductivity and mobility in each bin of every slab was equal to those of the bulk solution. The calculated resistance of the nanopore volume was found to closely follow the classical geometry-based expression = ∆ . Then, we considered the case of DNA is placed in the pore center along the nanopore axis and computed the changes in the conductance, resistance, and ionic current for various diameters of the pore, Figure S9a 
Calculation of the conductance blockade for obliquely oriented DNA in a nanopore
Using the described model for the nanopore resistance, we computed 2-D current blockade maps shown in Figure S10 Using the obtained maps, Figure S9d and e, we compute the limits on the ionic current blockade reported in Main Text Figure 6c . As expected, the highest current blockade corresponds to the scenario when DNA spans across the pore in an oblique orientation, while the lowest current blockades corresponds to the scenario in which DNA is oriented parallel to the nanopore axis and located near the nanopore wall ('hugging the nanopore'). Figure   S8 ) is shown as a black dot with a circle around it; the circle indicates the cross-section of DNA. The highest current blockade is achieved when DNA spans across the pore, whereas the lowest one corresponds to DNA positioned near the nanopore surface and oriented parallel to its axis.
Criteria for determining escape direction in a double-nanopore event
Using Figure S7 we determined ΔI10 or ΔI16, which are current blockades produced by single linear dsDNA molecule translocating through either 10 or 16 nm pores, respectively. The observed blockade levels at the end signature (the region of the current trace where DNA escapes the double-nanopore event and thus resides only in one of the nanopores) was without exception, close to but slightly larger than the blockade levels observed from single-pore translocations. We suggest that this is caused by the DNA still being partly in the tilted orientation (see Section 7 of this document) after exiting the first pore, thus producing a larger blockade (cf previous section). Hence, we used the following criteria to assign the escape direction. If the blockade level of the end signature was between ΔI16 and ΔI10, the DNA final exit was ascribed to the 16 nm pore. For all end signature blockade levels larger than ΔI10, DNA exit was ascribed to the 10 nm pore. No blockades smaller than ΔI16 were observed in the experiment.
from an asymmetric double-nanopore system. Figure S10 The number of double-nanopore events that (a) started with DNA entering the 15 nm pore (red) or the 10 nm pore (blue); (b) ended with DNA escaping the 15 nm pore (red) or the 10 nm pore (blue). This set of experiment was performed using a system of two pores, 10 and 15 nm in diameter, separated by 300 nm. The data are in agreement with the behaviour observed for the 10 nm / 16 nm asymmetric double-nanopore system characterized in Figure 6 of the Main Text.
Equivalent circuit for the asymmetric double-nanopore system.
Figure S11. Equivalent circuit of the asymmetric double-nanopore system. The resistances were calculated based on the model described in Section S6 of Supporting Information.
Calculation of the forces acting on the DNA in the access region
The force of the transmembrane bias exerted on DNA in the access resistance region was estimated using the electrostatic model ( Figure S12 ) built on the following assumptions:
1. The electric field near a nanopore can be approximated by the potential of a point-like charge 13 :
where is the pore diameter, is the effective pore length, is the distance from the pore and is the transmembrane voltage where is the distance between two pores, and 1 is the coordinate of the nanopore wall.
This leads to the result displayed in Figure S13 , which shows the forces exerted on DNA as a function of nanopore distance ( Figure S13a ) and voltage ( Figure S13b ) by each of the pores and the difference of the two forces. The essential point is that the force pulling the DNA toward the 16 nm pore is much larger (by 3-8 pN) than the force pulling the DNA toward the 10 nm pore. The difference of the two forces explains the preference for the DNA to exit through the 16 nm-diameter pore. The DNA molecules simultaneously captured by the two pores are highlighted using a darker shade of grey. The color contours specify the density of the CG beads computed from the position of beads projected onto the XZ plane, over a 1 nm 2 grid.
